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The sign and profile of the thermal Hall conductivity κxy gives important insights into the gap
structure of multi-band superconductors. With this perspective, we have investigated κxy and the
thermal conductivity κxx in Ba1−xKxFe2As2 which display large peak anomalies in the supercon-
ducting state. The anomalies imply that a large hole-like quasiparticle (qp) population exists below
the critical temperature Tc. We show that the qp mean-free-path inferred from κxx reproduces
the observed anomaly in κxy , providing a consistent estimate of a large qp population. Further,
we demonstrate that the hole-like signal is consistent with a theoretical scenario where despite
potentially large gap variations on the electron pockets, the minimal homogeneous gap of the super-
conducting phase resides at a hole pocket. Implications for probing the gap structure in the broader
class of pnictide superconductors are discussed.
The discovery [1–5] of superconductivity in the iron
pnictides has galvanized intense interest in this new class
of superconductors. As in the cuprates, one of the key
issues has been the determination of the gap symme-
try [6]. While for a large class of pnictides theory
has quickly converged on an s± order parameter which
changes sign between hole and electron pockets [7–11],
many questions remain regarding the actual form of su-
perconducting pairing, such as gap anisotropies, awaiting
further experimental investigation [12]. Among the ev-
idence from measurements on Ba1−xKxFe2As2, nuclear
magnetic resonance (NMR) relaxation experiments [13–
16] appear to be consistent with a multi-gap scenario of
singlet pairing, and penetration depth [17] as well as ther-
mal conductivity [18] experiments suggest the presence
of strong gap variations inducing close-to-nodal behavior.
Alternatively, angle-resolved photoemission spectroscopy
(ARPES) experiments [19–21] favor an isotropic multiple
gap scenario, with higher confidence for the hole pockets
located at Γ than for the electron pockets at M.
If the gap parameter ∆(k) is isotropic on each FS
sheet, the population of Bogoliubov quasiparticles de-
creases sharply below Tc (k is a wave vector on the
FS). By contrast, if nodes exist in ∆(k) (or if |∆(k)|
is strongly anisotropic), the quasiparticle (qp) popula-
tion decreases quite gradually. In effective single band
superconductors with unconventional gap symmetry, the
thermal Hall conductivity κxy has proved to be a pow-
erful probe for quasiparticles (qps). Unlike the diagonal
thermal conductivity κxx which is the sum of the elec-
tronic term κe and the phonon term κph, the off-diagonal
term κxy is purely electronic. Together, κxx and κxy
have been used to probe extensively the qp density and
their lifetime in the cuprate YBa2Cu3Oy (YBCO) [22–24]
and the heavy fermion superconductor CeCoIn5 [25, 26].
In contrast to effective single-band descriptions of the
above compounds, the pnictides are manifestly multi-
band superconductors with both electron and hole-like
Fermi pockets. We report thermal Hall results which
connect to the following insight: whether the thermal
Hall signal is electron- or hole-like yields non-trivial in-
formation in the presence of potentially both hole-like
and electron-like low-lying charge carriers. In princi-
ple, this also applies to thermopower experiments [27],
though such electrical probes are restricted to the non-
superconducting state. For the pnictides, this provides
valuable consistency checks of different theoretical gap
scenarios, as we explicate in the following for the specific
case of Ba1−xKxFe2As2. There, we find theoretically that
while the largest gap anisotropy exist along the electron
pockets, the lowest gap resides at a hole pocket, which is
consistent with our findings from thermal Hall conduc-
tivity.
To begin, we report detailed measurements of
κxx(T,H) and κxy(T,H) on single crystals of
Ba1−xKxFe2As2 in the geometry with the field H||zˆ||cˆ
and −∇T ||xˆ. The longitudinal and transverse tem-
perature gradients δTx and δTy were measured using
chromel-alumel thermocouples. The 2 crystals studied
have dimensions 2×1×0.1 mm3. At 10 K, the resolution
achieved is δTy ∼ 10 mK. Measurements of κxy were
made to a field up to 14 T using thermocouples. To
extend measurements of κxx below 6 K where the
thermocouple sensitivity falls steeply, we used matched
RuOx micro-sensors which are very sensitive below 4 K
(measurements were performed to H = 35 T). Electrical
measurements are performed using standard 4-probe
techniques using a lock-in amplifier. All measurements
are performed in a vacuum atmosphere.
Figure 1(a) plots the T dependence of κxx(T,H) in
Sample 1 with H = 0 (circles) and with H = 35 T
(triangles), together with the in-plane resistivity ρ (solid
curve). The curve for κxx(T, 0) is closely similar in Sam-
ple 2. As shown, κxx(T, 0) is nearly T independent be-
tween Tc (= 37 K) and 100 K. Below Tc, it rises to a broad
maximum that peaks near 1
2
Tc. In a 35-Tesla field, the
anomaly is almost completely suppressed. In the Boltz-
mann theory approach, κe from qp excitations is given
2FIG. 1: (color online) (a) κxx of single-crystal
Ba1−xKxFe2As2 at H = 0 (circles) and at 35 T (trian-
gles). The solid curve is the in-plane resistivity ρ in zero H
(Tc = 37 K). κxy vs. H at T = 250→35 K and from 35→7
K are shown in (b) and (c), respectively. Above Tc (37 K),
κxy is H linear up to 14 T, but as T decreases below Tc,
curvature becomes increasingly apparent. At all T , the Hall
signal is hole-like.
by [28, 29]
κe =
4
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∑
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vx(k)
2τ(k), (1)
where Ek =
√
∆(k)2 + ǫ2
k
is the qp energy with ǫk the
normal-state energy. Here, v(k) is the qp group veloc-
ity, f0 the Fermi-Dirac distribution and τ(k) the trans-
port relaxation time. A recent treatment of κxy ap-
plied to YBCO is given by Durst et al. [30]. Both the
anomaly profile and its field suppression are similar to
features seen in YBCO and CeCoIn5. In these uncon-
ventional superconductors, κxx also rises to a large peak
near 1
2
Tc, reflecting a large qp population and a greatly
enhanced (zero-field) qp mean-free-path ℓ0. By contrast,
κxx decreases roughly linearly with (Tc − T ) below Tc in
the clean s-wave superconductors Pb,Hg and Sn [28, 29]
(data on κxy are unavailable).
The curves of κxy vs. H at fixed T are displayed in
Fig. 1(b) and 1(c). Both above and below Tc, the sign
of κxy is positive (hole-like). Above Tc, κxy is strictly
linear in H (up to 14 T). As T decreases from 100 K
to Tc, the slope of κxy vs. H increases gradually until
Tc, where it undergoes a sharp increase. In the normal
state, κxy originates from the Lorentz force acting on
the charge carriers (the Hall effect is also hole-like). Be-
low Tc, the scattering of qps from pinned vortex lines
possesses a right-left asymmetry which leads to a large
κxy [22, 30, 31]. The asymmetry originates from the cir-
culation of the supercurrent around the vortex core and
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FIG. 2: (color online) (a) T dependence of the weak-field slope
κ′xy0 ≡ limH→0 κxy/H (solid circles with error bars). As T
falls below Tc, κ
′
xy0 displays a steep increase to reach a peak
at 18 K. For comparison, the quantity Aακe (with A = 0.033,
see below) is plotted as the dashed curve, and the electronic
term κe, inferred from Eq. 2, is displayed as open circles.
Curves of κxx vs. H at fixed T measured with thermocouples
to 14 T (b) and with RuOx sensors to 35 T (c). In both, fits
to Eq. 2 are shown as thin curves.
the Volovik effect [32]. The qp Hall current initially
scales linearly with the vortex line density nV = |B|/φ0,
where B is the flux density and φ0 the superconducting
flux quantum. At large B, however, vortex scattering
also reduces the mean-free-path of the qps (see below),
resulting in a negative curvature in κxy(H). In Fig. 1(c),
the steady increase in curvature is seen as T decreases
from 20 to 7 K.
Focusing on the weak-H regime, we see that the sharp
change at Tc in the qp Hall conductivity κxy is apparent
when we plot the weak-field slope κ′xy0 ≡ limH→0 κxy/H
(solid circles in Fig. 2(a)). As T decreases from 200 K to
Tc, κ
′
xy increases slowly by a factor of ∼3. At Tc, κ
′
xy0
exhibits a sharp break in slope followed by a steeper rise
to a peak that is ∼5 times larger than its value at Tc
(curves of Aκeα and κe are discussed below).
We next turn to the diagonal term κxx(T,H), which
provides quantitative estimates of the electronic term κe
and ℓ0 independent of κxy (Fig. 2(b) and 2(c)). In the
normal state, over the interval 250 to 40 K, the field
dependence of κxx is undetectable with our sensitivity.
Just below Tc, a weak H dependence becomes apparent
(curve at 35 K). As T decreases, this rapidly evolves to a
singular |B| dependence that characterizes the scattering
of qps from pinned vortices in type-II superconductors in
the clean limit (ℓ0 ≫ ξ, where ξ is the coherence length).
The data in Fig. 2(b) and 2(c) fit well to the vortex-
scattering expression (shown as thin curves) [22, 30, 31]
κxx(T,B) =
κe(T )
1 + α(T )|B|
+ κph(T ), (2)
where α(T ) = ℓ0σtr/φ0 with σtr the vortex cross-section
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FIG. 3: (color online) (a) Comparison of κxx with κe and
κph inferred from fits of curves in Fig. 2(b) and 2(c) to Eq.
2. Above Tc, κe is less than
1
5
κxx. Below Tc, however, κe
increases rapidly to account for the entire anomaly in the
observed κxx. Panel (b) displays α = ℓ0σtr/φ0 (solid circles)
and κe/α (open triangles) obtained from the fits. With σtr ∼
26 A˚, we estimate that ℓ0 ≃ 1,200 A˚ at 2 K. The quantity
κe/α is a measure of the qp population below Tc.
presented to an incident qp. Equation 2 expresses the
additivity of the zero-H scattering rate (∼ ℓ−10 ) and the
scattering rate introduced by vortices ℓ−1v = σtrnV . Be-
cause Hc2 >80 T, the condensate amplitude is nearly
unaffected by the applied H . Hence we can assume that
κe(T ) is nearly independent of H , and the dominant con-
tribution to the observed H dependence arises from vor-
tex scattering. We have assumed that the phonon term
κph has negligibleH dependence, consistent with qξ ≪ 1,
where q is the average phonon wave vector for T < Tc.
From the fits to the curves in Fig. 2, we have deter-
mined κe(T ), κph(T ) and α(T ). As shown in Fig. 3(a),
the phonon term κph (open triangles) decreases monoton-
ically as T decreases below Tc. By contrast, the zero-H
electronic term κe rises to a broad maximum at 15 K
and then falls. As evident, the monotonic profile of κph
implies that the peak in κxx (in zero H) is entirely asso-
ciated with κe. In turn, the large peak in κe demands a
large qp population that survives to ∼ 1
2
Tc.
The fits also yield estimates of α = ℓ0σtr/φ0 which we
display in Fig. 3(b). As T decreases from 35 to 1.2 K, α
rises to 3× the value at Tc. This reflects primarily the
increase in ℓ0. According to Cleary [31], the cross-section
σtr ≃ ξ. With the estimate ξ ≃ 20 A˚ (from Hc2 ∼85 T),
we find that α at 1.2 K corresponds to ℓ0 ≃ 1,200 A˚.
This supports our assumption that Ba1−xKxFe2As2 is
in the clean limit ℓ0 ≫ ξ as has been widely reported.
Since κe is proportional to ℓ0, a nominal picture of the T
dependence of the qp population may be obtained from
the ratio κe/ℓ0. This quantity is plotted as open triangles
in Fig. 3(b). Initially, κe/ℓ0 is nominally T -independent,
but decreases linearly with T below 13 K.
The fits of κxx vs. H to Eq. 2 has allowed us to
determine κe, κph, and α independent of κxy. To show
that these estimates are consistent with the thermal Hall
FIG. 4: (color online) Band structure (a) and SC gap function
(b) for the 122 band structure around optimally hole-doped
filling. The different dominant d orbital weights are plotted
along the Fermi surface in (a) indicated by blue, green, and
red. The pockets are divided into 80 momentum patches enu-
merated counterclockwise (a).
conductivity, we note that κ′xy0 ∼ ℓ
2
0 should share the
same T dependence as ακe ∼ ℓ
2
0, in the semi-classical
approximation. In Fig. 2(a), we have plotted Aκeα with
the scale-factor A = 0.033 (dashed curve) to compare it
with the measured values of κ′xy0. Within the uncertainty
inherent in κ′xy0, the T dependences may be seen to track
each other quite well, especially between 12 and 35 K.
Hence, both κxx and κxy indicate a large hole-like qp
population that persists down to T ∼ 1
2
Tc. Moreover,
the values of α ∼ ℓ0 inferred from κxx give a consistent
description of the T dependences of both κe and κ
′
xy0.
The experimental evidence of large low-lying hole-like
qp weight we obtain from our thermal Hall measurement
can be reconciled with a theoretical perspective on the
problem. Starting from a simplified band structure fit
for Ba1−xKxFe2As2 [33], the Fermi surface topology is
schematically depicted in Fig. 4(a) in the unfolded Bril-
louin zone with 1 Fe atom per unit cell. As seen there,
the dxz and dyz Fe orbitals dominate the hole pockets at
Γ, while the third hole pocket at M is composed of dxy.
(The third hole pocket at M which also maps onto the
Γ point in the folded Brillouin zone has been detected in
ARPES being of nearly identical size and shape as one
of the other hole pockets [21, 34].) The electron pock-
ets at X = (π, 0)/(0, π) involve weights of all these three
d orbitals. Assuming that the inter-pocket scattering is
dominated by intra-orbital interactions, various theoreti-
cal approaches predict a significant gap anisotropy on the
electron pockets as a consequence of frustrated electron-
electron and electron-hole scattering [35, 36], while the
hole pocket gaps are assumed rather homogeneous. In
a 4 pocket scenario where the hole pocket at M is ab-
sent, it would hence be a natural guess that the weakest
gap can be found on the electron pockets [35], and as a
consequence that the thermal Hall signal in the SC phase
should be electron-like. In contrast, the hole pocket at M
significantly changes the situation: Fig. 4(b) shows the
gap function ∆(k) which we have computed by multi-
orbital functional renormalization group [35, 37–39], with
interaction parameters as chosen in [40]. To begin with,
4we find the sign change from hole to electron pockets,
as being characteristic for an s± order parameter. The
largest gap anisotropy is found on the electron pockets.
However, we find the smallest amplitude to be located
on the hole pocket at M. This is because most of the
scattering of this pocket is governed by the subdominant
inter-orbital repulsion scale, as only a small part of the
electron pockets share the dxy orbital content. In addi-
tion, the available phase space for qps is quite large on
the pocket (or at least comparable to the other pockets),
which is consistent with the dominant hole-like qp profile
of the thermal Hall conductivity measurements.
We propose extending thermal Hall measurements be-
yond optimally doped Ba1−xKxFe2As2 will provide an
incisive test to gain experimental insight into the na-
ture of multi-band superconducting pairing mechanisms
in general. For example, for further K doping we ex-
pect the hole-like profile to persist and become even more
pronounced, as d-wave order can form and even give
rise to nodes on the hole pockets [35]. Moving to the
electron-doped side through Co doping should eventu-
ally remove the broad hole band giving rise to the hole
pocket at M from the Fermi surface, by which the small
gap regimes on the electron pockets should become the
dominant contribution to low-energy charge carriers. We
hence predict a sign change of the thermal Hall signal
as a function of doping. Similar trends may be triggered
by stronger nodal propensity due to isovalent doping of
the As-based compound by P, potentially giving rise to
accidental nodes on the electron pockets [35, 41]. It may
likewise be interesting to investigate the recently discov-
ered iron chalcogenides such as KxFe2Se2 [42, 43], where
the potential role of hole-like carriers may be intimately
linked to the competition between a possible s± and
gapped d wave order parameter [44–46]. As a result, it is
likely that the properties of the quasiparticles extracted
from heat transport will be valuable for understanding
the pairing mechanism of multi-band superconductors.
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